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0 CHEMICAL AGENT SIMULANTS
WFOR TESTING TRANSPARENT MATERIALS

1. INTRODUCTION

This study was conducted as part of an ongoing effort at the U.S. Army
Chemical, Research, Development and Engineering Center(CRDEC) to
evaluate the survivability of transparent polymeric materials in a chemical agent
environment. Since chemical agents cannot be used without appropriate safety
and surety procedures and apparatus for the laboratory or In the field,
simulants must be selected and substituted for the chemical agents in these
environments. Simulants employed in properly designed laboratory tests assist
in evaluating the performance and behavior of challenged transparent
polymeric materials. Subsequent modeling aids in predicting the performance
of these polymeric materials under the realistic condition of chemical agent
challenges. Using appropriate evaluation techniques, candidate chemicals can
be selected to determine the best simulants to employ in a testing program. In
particular, this program had the following tasks:

1. Conduct a literature search to identify and retrieve results from
previous stress crazing tests and identify and recommend alternative
methods of stress crazing testing and detection.

2. Select appropriate simulants for GB(Sarin), VX, and HD(mustard) for
use in transparent polymer testing and evaluation.

3. Perform three point bend calibration and simulant/polymer
tests for stress crazing. Four generic transparent polymeric
materials were tested; namely, as cast PMMA, biaxially stretched
PMMA, polycarbo-ate, and polyurethane, GAC-590.

Results obtained from Tasks 2 and 3 are discussed; namely simulant selection
and three-point bend test results.

s,.

2. SIMULANT SELECTION

Simulants are substituted for actual chemical agents in these tests for a
variety of reasons. The major reasons are the elimination of the need to use a
surety facility with its accompanying rules, procedures, and associated costs,
and the ability to develop test and evaluation procedures in a more benign
chemical environment. Also, the testing of transparent polymeric materials with
simulants for GB, VX, and HD could be conducted at the polymer

. manufacturer's own facilities under non-surety conditions prior to, if necessary,
testing under the more stringent surety conditions.

The test simulants utilized in these studies were carefully selected by
comparing important physical and chemical parameters of the simulants to the
same characteristics of the agents. These parameters included molecular
weight, solubility, viscosity, melting and boiling points, density, vapor pressure,
and reactivity. 1.2.3 The simulants were also selected not only for their chemical
similarities to the agents but, also, for their molecular size similarities. Thus, we
intend to develop ov establish an envelope or region of comparable simulant
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and agent absorption into the various polymers being tested, as well as, similar
reaction/behavior between the simulant or agent and the polymer.

Simulants selected for isopropyl methyiphosphonofluoridate(GIB) were
dilsopropyl methyiphosphonate(DIMP), diethyl ethyiphosphonate(DEEP), and
dimethyl hydrogen-phosphonste(DMH-P). GB has a liquid densit of 1.09 9imi at
2M~, a vapor pressure of 2.9mm at 200C, and a viscosity of 1.28 centistokes at
20PC. For comparison, DIMP has a liquid density of .976 "~m at 2500 and, like
GB contains, an Isopropyl group(Table 1). DEEP allows for the simulation of the
methyiphosphorous group, while DMHP has a similar viscosity and vapor
pressure.

Tole 1. Selected Simulants for GH(Saroln

M.W Density BP Vajr'r Pressure Viscosity Solublity
UMd mom G) ftum bu -

GB 140.1 1.090MC 158 . 0 we0 1.20 20C ri.dIs

W i WM 102 .9765@250 190 .274@20 M - 139*25C
21 I

M"4 110.04 i2OMC 171 4.50250 1.060250

*DMP 18&12 - -- .3814 025C--

The simulants used for 2,2'-dichloroethyl sulfide(H-D) were 2-chloroethyl
methyl sulfide(CEMS), 2-chlorouthyl ethyl sulfide(CEES), and 1,5-
dichloropentane(Table 2). CEES and GEMS have reactivities similar to
mustard, namely all undergo hydrolysics, are alkylating agents and exhibit
comparable solubilities, molecular weights, and liquid densities. 1,5-
dich'oropentane(1 ,5 DCP) was chosen because of its similar end group and
structural configuration to HD, i.e. -CH2CH2CI groups.

Iabhle2 Selected Simulants for HD(mustard)

M.W. Density BP Vapor Pressure Viscosity Solubility
(a~ift Idea. Q~ (mml cardi~akol LOLL

WstMard 159.08 1.27 @25C 217 .11 LO250 3."5 250 .0092

CEES 124.63 1.07 @20C 157 3.3 @25C .017
CEMS 110.60 1.12020C 140 -1.06@ 25C

1,5di& 140.05 1.106@025C 182 -

dichioro

*VX(O-ethyl S-diisopropylami noathyl methyilphosp ho nothio late) simulants
used were O,S diethyl ethlyphosphcriothiolate(DE EPT), N ,N-
di isopropylethylami ne, and di ethyl (eti.,ylth iomethyl1) phosphonate(DEETMP).
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N,N dilsopropylethylamlne was employed to examrne the aimne effet upon the
polymers. DEEPT and DEETMP silmUlaed Walous funatonal groups of VX
aside from the physical characteristics, e.g. molecular weight, viscosity, aind
vapor presure.
Tal Sected 8lmulfts far VU

MW. Density BP Vapor Presre Viscost Solubility
6w wo•, ra ooo•N ow!B soft NeaL

VX 2M4A0 IGSO 00010C 3 W920 S.W@ 30 kwowm

D M" lolS - .Ale=1 - -

DEE" 2122 1.o7000 110 - - -

N,N 12 .7140 127 - - -

3. EXPERIMENTAL METHOD

To determine stress crazing in transparent polymeric materials, American
Society of Testing and Materials method ASTM D790-80 was employed. ASTM
D 790-80 determines the flexural properties of plastics in the form of rectangular
bars molded directly or cut from sheets, plates, or molded shapes.4 This ASTM
procedure Is generally applicable to rigid and semirigid materials but does not
determine the flexural strength of materials that do not break or fail in their outer
fibers.

The method employed for craze determination under load for this series of
tests employs a three-point loading system that utilizes center loading on a
simply supported beam (Figure 81). Normally, crazing Is detected visually.
However, the detection method employed for our tests was improved by
employing a He-Ne laser to produce a diffraction pattern. By recording the
diffraction pattema with a Sony U-Matic VCR and Sony Trinicon color camera

0• equipped with a macro-zoom lens(Figure B2), the determination of the time of
S•,crazing is easily accomplished. The determination of the onset of crazing by

"changes in the diffraction pattern is superior to the visual method because the
diffraction pattern enables minute crazing to be detected which are generally
not apparent to the unaided eye. Permanent records of the diffraction patterns
produced were also photographed with a Pentax K1000 35mm SLR camera
with close-up rings and a red transmission filter.

The use of a He-Ne laser in conjuction with the three-point bend apparatusallows increased sensitivity in detecting the onset of crazing. The He-Ne laser

reflection pattern is observed to diffract at the onset of crazing.5.6 Patterns vary
from horizontal lines to total diffusion of the reflection. Figure 1 illustrates the
various patterns observed with employment of the He-Ne laser to detect the
onset of crazing. Figure I a represents the normal pattern observed with no
simulant present. When the simulant is added, some diffusion is noted in the
pattern(i.e., the degree of diffusion depends upon the optical characteristics of

9
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the elmulant)(figure I b) s rzng M~r a horizontal int opeats at fth
eogt" Of the poter, th atr nes from b) to a). Hoewith deep
crazing, the patttm drectl Changles frmb) to d).

a) Refhteism pattern b) Refisetiss Patterv

Wfth rM*4Wft "arai

Stani oye apei aclte nteotrlyr ftesml
fro th eqaiS

r SDL4_

10andisteti*.nes of the sample.

to data collection. The reerenc maera usedwasn poatterbnaendHC
grae detyleevithn w'as* emlye sthe cheica chalege

Straiutbetkn in aanpolymerh sample bsealulteus te outlaes fof the hnsample

whestre rctain indoutecrlayerInth samplame.t ofalbato sample I enter; no.u2-37)
ispiitan;y desuefrthickness. R1rrnemn of. tequationg fo thicromser.e ofhexeiet

saton trvlests orec hepot benue a eetd as parat9.Usin wequadterioned2prior

whre066 s 26(~ I., rrerset aste~d tai alediiedb



starting strain and thickness are inserted to give the displacement value of
0.00326 in.

Once the deflection has been induced on the sample, the three point bend
apparatus with sample is placed in a Plexiglass container with a white
background. The He-Ne laser is oriented so that the beam reflects from the
center of the sample and knife edge onto the white background. The video
recording equipment is then aligned to record the reflection pattern appearing
on the white background.

A 1.0 microliter drop of simulant is added at the center of the sample, where
the laser beam intercepts the sample. The timer is started at the time of the
addition and the reflection is recorded. The reflection pattern is carefully
monitored. If the pattern begins to diffuse, develop horizontal lines, or the two
initial points separate, crazing is occurring and the time is recorded. Extreme
care is needed in determining the onset of crazing because evaporation of the
simularAt can distort the reflected pattern.

If crazing occurs at the %r initially selected, this %r value is divided by a
factor of 1.2 and the new %r value is used in the next test. If crazing does not
occur within thirty minutes, the %r value initially selected is multiplied by a factor
of 1.2 and this new %r value used for the next sample. Since the sample used
as an example did not craze within thirty minutes, the %r value 0.00479 is
multiplied by 1.2 and the new %rvalue 0.00575 is used for the next test. This
process is repeated until a critical strain value is produced.

From a plot of the %r values versus the specific times for crazing to occur, a
critical strain value(%rc) is determined where the critical strain is defined as the
percent strain value where a discontinuity occurs in the plot of time versus
percent strain. A table of critical strain values is corstructed by collecting data
from each simulant and transparent material combination.

Figure 2 shows the behavior of the calibration solution diethylenetriamine on
polycarbonate samples. Crazing did not occur. Only the more diffuse diffraction
pattern of b in Figure 1, was observed. This more diffuse diffraction pattern is
due to hazing of the transparent material. Figure 3 represents typical strain
behavior for a simulant and transparent material. The critical strain is observed
to occur at %rc=0.00479 where the time for crazing to occur shifts from >1800
seconds to 26 seconds. Note how the behavior of triethylenediamine on
polycarbonate(Figure 2) differs from the behavior of CEES on
polycarbonate(Figure 3).

The samples were initially examined under polarized light. By utilizing
polarized light, the defects and strains within the individual samples can be
examined. Strain induced during sample preparation, thickness discontinuity
within the sample, and fragment displacement become apparent.

11



Fig...2 Calibration Plot of Polycarbonata and Dlathylenetriamine
Calibration
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Fig. Critical Strain Curve of Polycarbonate and CEES
PC/CEES
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4. RESULTS AND DISCUSSION

Critical strain values(%rc) have been determined for four transparent
polymer materials challenged with nine different simulants. The strain versus
time data used to produce the appropriate critical strain values are given in

* Appendix C. In this section, we shall discuss the effect of the simuiants on each
12
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of the classes of materials that were tested. Finally, all of the critical strain data
will be compared in a single matrix.

4.1 POLYCARBONATE

Under examination by polarized light, the polycarbonates exhibited a "ripple"
effect and the stress induced by sample preparation could be detected. The
"ripple" effect apparently is introduced during the extrusion of the polymer
during processing which produces varying polymer thickness in the samples.

The polycarbonate ,.mples crazed under stress with each simulant. The GB
simulants, DIMP, DEEP, and DMHP produced crazing between %r,=0.00579
and %rd=0.00999(Fig. 4). DMHP crazed between %r=0.00695-0.00999, while
DEEP and DIMP had critical strain ranges of %rc=0.00579-0.00695.

CEES produced the lowest critical strain value for the polycarbonates at
%rc=0.00479. The critical strain values for CEMS and 1,5 DCP were the same
at %rc=0.00833.

The VX simulants DEEPT and DIPEA induced crazing at %rc=0.00833-
0.00999. DEETMP substantially decreased the critical strain value for th',
polycarbonates to %rc=0.00483-0.00578.

Fig. 4 Polycarbonate Critical Strain as a Function of Simulant

POLYCARBONATE

0.010-

0.009'

0.008

S0.007-

0.006-

0.005 ,

0.004 W
0 10 !

Simulant

4.2 CAST PMMA

Cast PMMA showed very little strain under examination by polarized light.
The strain that could be detected was structural damage along the edges of the

13



sample that had been caused by sample preparation, i.e. cutting the sample
with a saw.

The GB simulants(Fig. 5), DIMP, DEEP, and DMHP, remained consistent in
the cast PMMA samples, all producing critical strain values of %r0=0.00867-
0-0104. The mustard simulants decreased the %re value considerably. CEES
and 1,5 DCP induced crazing at %r0=0.00503, while CEMS lowered the %rV
value to 0.00349-0.00419. DEEPT crazed at %r,=0.00870, DEEMPT crazed at
%rc=0.0725-0.00867 and DIPEA did not induce crazing(i.e., the polymer
sample broke at %rc=0.01 49).

ig 5 Cast PMMA Critical Strain as a Function cf Simulant

CAST PMMA
0.012-

0.010-

0.008 I
0.006-

0.004

U0.002

Simulant

4.3 STRETCHED PMMA

Stretched PMMA showed little distortion under examination by polarized
light. The fragment displacement along the edges of the samples was present,
induced by the sample preparation method.

The GB simulants caused the polymer samples to craze at %rc values of
0.0125-IG.0180. DMHP caused the samples to craze at %rc=0.0125, DIMP at
%rc=0.0150, and DEEP between %rc=0.0150 and 0.0180. CEMS induced
crazing at %rc=0.0104. 1,5 DCP resulted in the lowest %rc value for the
stretched PMMA(%rc= 0.00867), while the %rc value for CEES was 0.01 25(Fig.
6).

Simulants for VX had a smaller effect on the crazing of stretched PMMA than
did the simulants for GB and mustard. DEETMP induced crazing in the samples
at %rc=0.0259. DEEPT had a %rc value of 0.0150 and DIPEA ranged from
0.0180 to 0.0216.

14



fji• Stretched PMMA Critical Strain ma a Function of Simulant

STRETCHED PMMA

0.03,

0.021

0 10
Simulant

4.4 POLYURETHANE

Polyurethane demonstrated the most resistance to simulant induced crazing
of all the transparent materials tested. Most of the simulants did not induce
crazing at the maximum %rc values(%rcm0.031 1) that could be attained with the
equipment used(Fig. 7). Under examination by polarized light, no anomalies
were noted within the samples.

Polyurethane challenged by DIMP crazed at %rc=0.0•.a 6, but DEEP and
DMHP did not induce crazing in the samples. The mustard simulants, CEMS
and CEES, caused the samples to craze at values of %rc 0.. 0216 and 0.0259
respectively, whereas,1,5 DCP did not induce crazing. Only one of the VX
simulants, DEETMP caused the polymer to fail, %r0=0.0259. DEEPT and
DIPEA did not induce crazing at the strain values that could be attained.

,NA
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Eig..7 Polyurethane Critical Strain as a Function of Simulant

Polyurethane

0.030- - NO CRAZNG A

0.028

0.026 - *

0.024

0.022-

0.020 -m

0 o
Simulant

Table 4 represents a tabular matrix that summarizes the critical strain vahues
that were determined for the tested materials and simulants. As an example,
the material polycarbonate(PC) and the simularnt CEES(Figure 3), produced
%re values in region 2(0.00349-0.00483). The other three materials tested with
CEES produced critical strain values that were greater; namely 0.00484-
0.00604 for cast PMMA, 0.01000-0.01500 for stretched PMMA, and 0.02160-
0.02590 for polyurethane. Table 4 allows the results of our testing to be
evaluated at a glance. Again, note that the simulants exerted the least crazing
effects on the polyurethane samples.

16
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Tabl 4 Critical Strain Values Determined as a Function
of Material/Simulant Combination

PC SP Pu

Reg Iorn Critical Strain C19n)
DMHP 4-5 6-7 7 10 (.00349

P 3-4 6-7 7 10 I2. .00349-.00483
GB DEEP _______ ~3. .004B4-.006044. .00605-.00725

OlMP 3-4 6-7 7 8 5. .00726-.00867
6 .00868-.00999

CEES 2 3 7 9 7 .01000-.01300
8 .01510-.02160

___5 2 7 8 9. .02160-.02590
> 10 .02590

1,5cp 55 10
6 6 7 10DEEPT PC=pol carbonate

SV -DEETMP 2-3 4-6 19 1 9 1SP-strotched PMMA

<• "DI PEA 5-6 15-6 8 1 0 PU,,polyurothane

5. COMMENTS

In this section, some of the complications and limits of the procedures used
in the sample preparation and detection of the onset of crazing are presented.

1. The methods used to prepare the individual transparent samples induced
thermal strain and structural damage in each sample. The induced thermal
strain and structural damage were detected using polarized light. The ranges of
the strain behavior observed may be due to induced structural
damage/fragment displacement along sample edges.

2. Another anomaly detected with polarized light was the "ripple"
phenonmenon found in the polycarbonate samples. This phenonmenon is
apparently introduced during the extrusion process. The ripple causes the
thickness of the sample to vary where the ripple is perpendicular to the length of
the sample. In some polycarbonate samples, the ripple is parallel to the length
of the sample, possibly strengthening these samples, while weakening those
samples where the ripple is perpendicular.

17
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3. The visual techniques using the unaided eye cannot detect the onset of
minute crazing that occurs In some transparent materials. Laser diffraction
allows the detection of such cmzirn and provides a more real-time monitoring
of the degradation process.

4. The introduction of simulant poses some problems, In that, the simularit
can roll off the transparent material or evaporate at a non-uniform rate. Roll-off
and evaporation need to be explored further to determine how they affect the
observed results.

C
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AppemnIX A

1. CEES- 2-chloroe~hyl ethyl sulfide

2. CEMS- 2-chioroethyl methyl sulfide

3. CP- cast PMMA

4. %rd-crittcal strain- the percent strain value where a discontinuity occurs In
the plot of the time versus percent strain

5. 1,5 DOP- 1,5 dichloropentane

6. DEEP- diethyl ethyiphosphonate

7. DEEPT- 0,S diethyl ethylphosphonothlolate

B. DEETMP- diethyl (ethylthlomethyl)phosphonate

9. DIMP- dilsopropyl methylphosphonate

10. DIPEA-N,N diisopropylethylamine

10. DMHP- dimethyl hydrogen-phosphonate

11. %r-percent strain in the outer layers of a polymer
sample measured by the equation:

where Dndlsplacement of the sample In the center, dothickness, and
Lausupport span

12. PC- polycarbonate

INA 13. Pu- polyurethane

CI 14. SP- biaxially stretched PMMA
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